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Abstract 
The accurate solid solubility data are a key to the design of process and the selection of operating conditions for separating 
PBDEs from waste electric plastic by solvent.  The solubility of DecaBDE in different system was determined by using the 
isothermal dissolved method, and the impact law of temperature and solvent composition on the solubility of DecaBDE were 
discussed, the experimental solubility data was correlated with Apelblat equation equation. The results showed that the solubility 
of DecaBDE was mainly affected by the temperature and the solvent composition, and that Apelblat equation was suitable to fit 
the experimental results, the deviation was very small. 
 
© 2015 The Authors. Published by Elsevier B.V. 
Peer-review under responsibility of Tsinghua University/ Basel Convention Regional Centre for Asia and the Pacific. 
Keywords: : Decabromodiphenyl ether; solubility; d-limonene 
1. Introduction 
A large number of plastic shells dismantled from waste household appliances need to be addressed. But plastic 
parts of household appliances are asked to meet flame retardant requirements generally. Early plastics of household 
appliances usually added 10~15% PBDEs to achieve flame retardant, among which DecaBDE [1-2] was the most 
common. Therefore, the regeneration and utilization of appliance plastics may cause the erosion and diffusion of 
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PBDEs. In view of the fact that the recycling of flame-retardant appliance plastics exist huge environmental health 
risk, many countries in the world have legislated to restrict the production and sale of product beyond the standard 
of PBDEs content [3] since the implementation of RoHs. At present, since there is no mature technology to separate 
PBDEs from flame-retardant appliance plastics, discarded appliances plastics of developed countries in Europe and 
America have been dealt with by landfill and incineration, or by transfering to developing countries. But in our 
country, discarded appliances plastics still mainly rely on simple physical regeneration to regenerate new electrical 
plastic parts, which not only makes electrical appliances not meet the requirements of RoHs but also leads to further 
erosion and diffusion of PBDEs inevitably. In recent years, surveys on PBDEs pollution of China’s southeast coastal 
region have confirmed [4] that dismantling bases and rivers in Guangdong, Zhejiang and other places have been 
polluted by PBDEs in different degree. Therefore, the development of green regeneration technology which is able 
to eliminate PBDEs pollution of plastics of waste household appliances has become an urgent need to solve the 
pressing problems at home and abroad. 
Solvent regeneration process of plastics was proved to be able to recycle plastics while achieving PBDEs 
separation [5-6]. In the regeneration process, in addition to selecting the appropriate solvent and anti-solvent system, 
an important premise is to grasp the dissolution and precipitation laws of PBDEs and to reduce the proportion of 
PBDEs re-entering into recycled plastic products. Among all components of PBDEs, DecaBDE is the most common 
in appliance plastics, whose solubility is the smallest in PBDEs. So whether the regeneration process may control the 
dissolution and precipitation of DecaBDE is the key to the separation. In this paper, with the limonene as the solvent 
and the isopropanol as the anti-solvent, the solubility data of DecaBDE in the solvent system was measured. And 
measured data was correlated by empirical equations. 
2. Experiment 
2.1. Materials and sources 
DecaBDE 99% which was provided by J & K Technology Co., Ltd.; AR; d- limonene (industrial grade, purity of 
96%); standard sample of DecaBDE (provided by J & K Technology Co., Ltd.); SHA-CA water bath thermostatic 
oscillator (Jintan Guowang experimental instrument factory); HPLC (Shimadzu LC-20A) with SPD-M20A UV 
detector (Shimadzu) and C18 chromatography (250 mm × 4.6 mm × 5.0μm). 
2.2.   Experimental methods 
Determine the solubility of DecaBDE by isothermal solution equilibrium method. The specific method is as 
follows: take a certain volume of solvent in the specified temperature (± 0.1K) into 100 ml conical flask with 
stopper. Add an excess of DecaBDE. Then put it into water bath thermostatic oscillator and stir constantly to reach 
equilibrium. Take the upper supernatant to analyze regularly. Unchanged DecaBDE is the sign of balance. 
Determine the amount of DecaBDE in equilibrium liquid by HPLC. Each sample will be measured three times and 
then calculate the average. 
3. Results and discussion  
3.1. Solubility data of DecaBDE  
In the experiment, the solubility of DecaBDE in limonene, n-propanol and the mixed solvent of limonene and n-
propanol was measured. Specific measurement results were shown in Table 1 and Table 2. 
Table 1. The solubility of  DecaBDE at different temperature ˄g/100g solvent˅ 
T(ć˅ 20 30 40 50 60 
 d-limonene 0.1823 0.2725 0.3478 0.5634 0.7626 
n-propanol 0.0023 0.0034 0.0046 0.0074 0.0082 
829 Yongfang Chen et al. /  Procedia Environmental Sciences  31 ( 2016 )  827 – 831 
d-limonene(50 v%)+ n-propanol(50 v%) 0.0471  0.0575  0.0790   0.1204  0.1998   
As can be seen in Table 1, along with the increase of the temperature, the saturated solubility of DecaBDE in two 
kinds of pure solvents and the mixed solvent had a significant increasing trend. The difference was that the 
solubility of DecaBDE in limonene was far greater than that in n-propanol. after adding an equal volume of n-
propanol in limonene, the solubility of decaBDE reduced to 20% -30 % of the origin. Therefore, in the mixed 
solvent, the ratio of n-propanol was more sensitive to the influence of solubility. The huge gap was mainly due to 
the two completely different molecule structures of the two solvents. The molecular structure of limonene was 
similar with that of DecaBDE which was cyclic weak polar molecules with strong lipophilicity, weak hydrophily 
and was almost insoluble in water. And n-propanol contained three carbon atoms. One end connected to a very 
strong hydroxyl which was a strong polar compound and was capable to immiscible with water in any ratio. So the 
solubility of weak DecaBDE was very small in n-propanol. 
Table 2. The solubility of DecaBDE in mixed solvent at 40 ć˄ g/100g solvent˅ 
d-limonene  V% 25.00 33.33 50.00 66.67 75.00 
solubility  0.0239 0.0419 0.0790 0.1468 0.2002 
Table 2 showed the solubility of DecaBDE in solvents with different mixing ratio at 40 ć. The experimental 
results showed that when two solvents were mixed up, the solubility of DecaBDE in the mixed solvent was between 
that of the pure limonene and pure n-propanol. With the increase of the volume fraction of limonene, the solubility 
of mixed solvent increased fast. But the increasing ratio had no linear correlation with solvent ratio, which indicated 
that the solubility was not additive when two solvents were mixed up. Since the solubility of DecaBDE in limonene 
was far greater than that in n-propanol, increasing the proportion of limonene in a mixed solvent could improve the 
solubility of DecaBDE rapidly. And the increase of n-propanol would decrease the dissolving capacity of mixed 
solvent rapidly. Therefore, when precipitating plastics in the anti-solvent, we must choose suitable solvent ratio to 
minimize the anti-solvent n-propanol dosage under the premise of being able to precipitate plastic. So that the 
dissolved DecaBDE in limonene would not precipitate crystals again during the precipitation process, resulting in 
the destroy of separation effect. 
3.2.  Solubility data association of DecaBDE  
The solubility data is the basis for the theoretical data. The simulation and calculation of solubility data measured 
in the experiment is significant. However, since the molecular interaction of solid-liquid dissolution equilibrium is 
more complex than that of the vapor -liquid and liquid-liquid dissolution equilibrium, and theoretical researches are 
more lagging, studies on solid-liquid phase equilibrium often improve and utilize the model of vapor -liquid and 
liquid-liquid phase equilibrium. At present, the solid-liquid phase equilibrium system usually adopts model 
association such as Apelblat equation method, polynomial method and λh equation. Apelblat solubility model was 
derived from Clausius - Clapeyron equation when assuming that the solute activity coefficient was unchanged and 
there was a linear relationship between the molar enthalpy and temperature based on the solid-liquid phase 
equilibrium principle, which was an ideal model of solid-liquid solubility data association. Apelblat equation 
method is as follows: 
TC
T
BAXi lnln   
Here,   Xi is the solute solubility in solid-liquid system, the mole ratio; 
T is the thermodynamic temperature, K; 
A, B and C are constant values; 
The solubility data of DecaBDE was correlated by Apelblat equation. Parameters of the solubility model were 
shown in Table 3. 
Table 3. The correlation results of Apelblat equation 
Solvent A B C R2 
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d-limonene  V% -185.37565 5251.49794 28.02789 0.99264 
solubility  231.00042 -14114.98802 -34.55984 0.98802 
d-limonene(50 v%)+ 
 n-propanol(50 v%) 
-831.7608 35053.94961 123.59301 0.99999 
3.3.  Validation of the model. 
With parameters of the Apelblat solubility model, DecaBDE solubility data at different temperatures was 
calculated and DecaBDE solubility data was determined under the same conditions (see Table 4). The calculation 
and the method to determine the relative error of the experimental data are as follows: 
%100exp
exp
u 
x
xxRD
cal
 
Here,  xexp  is the molar solubility determined by the experiment, the mole ratio; 
            xcal is the molar solubility calculated from the equation, the mole ratio; 
Table 4. Comparison of DecaBDE solubility in limonene among experimental results and predicted values by models(%) 
Solvents Item 
T (K) 
293 303 313 323 333 
limonene 
104×xexp 2.5891 3.8697 4.9373 7.9961 10.8203 
104×xcal 2.6147 3.7071 5.2941 7.6035 10.9675 
RD 0.99 -4.21 7.23 -4.91 1.36 
n-propanol 
104×xexp 1.4161 2.1420 2.9123 4.6394 5.2760 
104×xcal 1.3994 2.1514 3.1027 4.2272 5.4745 
RD  0.44 6.55 -8.88 3.76 -1.17 
d-limonene(50 v%)+ n-propanol(50 v%) 
104×xexp 0.4137 0.5043 0.6935 1.0567 1.7534 
104×xcal 0.4136 0.5049 0.6932 1.0546 1.7550 
RD  -0.09 0.18  0.03 -0.23 0.11 
 
As can be seen from Table 4, from 393 K to 333 K, in the pure limonene, pure n-propanol and the mixed solvent 
with the same amount of limonene and n-propanol, calculated and measured values of the solubility of DecaBDE 
were very close. The relative error of measured and calculated values of the limonene solvent was between -4.91% 
to 7.23%, while that of the n-propanol solvent was between -8.88% to 6.55%. The relative error of measured and 
calculated values of the mixed solvent was smaller, whose fluctuation range was less than 1%. It showed that by 
making the Apelblat equation as the solubility calculation model of DecaBDE in limonene and n-propanol solvent 
system, we could get small relative error and the solubility which was close to the actual value 
4. Conclusion 
In this paper, the measurement of solubility data of DecaBDE in limonene and n-propanol solvent system was 
completed. The following conclusions can be drawn: 
(1) The solubility of DecaBDE increased rapidly with the increase of the temperature, in which the solubility of 
DecaBDE in the limonene was two orders of magnitude greater than that in the n-propanol. There was no correlation 
between the solubility and the solvent ratio in the mixed solvent. 
(2) By correlating the experimental results with the Apelblat equation, it showed that the Apelblat equation had 
better relation and smaller error, which could be used to predict the solubility data of limonene, n-propanol and their 
mixed solvent.  
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